
 

 
Initial Testing of a Prototype Laser Ignition Chamber 

 
by Jennifer L. Gottfried, Chase A. Munson, Joe Colburn, and  

Richard A. Beyer 
 
 

ARL-TR-6862 March 2014 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Approved for public release; distribution is unlimited.   



NOTICES 
 

Disclaimers 
 
The findings in this report are not to be construed as an official Department of the Army position unless 
so designated by other authorized documents. 
 
Citation of manufacturer’s or trade names does not constitute an official endorsement or approval of the 
use thereof. 
 
Destroy this report when it is no longer needed. Do not return it to the originator. 



 

Army Research Laboratory 
Aberdeen Proving Ground, MD 21005-5069 
 

ARL-TR-6862 March 2014 
 
 
 
 

Initial Testing of a Prototype Laser Ignition Chamber 

 
Jennifer L. Gottfried, Chase A. Munson, Joe Colburn, and Richard A. Beyer 

Weapons and Materials Research Directorate, ARL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Approved for public release; distribution is unlimited.   



 

ii 
 

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering 
and maintaining the data needed, and completing and reviewing the collection information.  Send comments regarding this burden estimate or any other aspect of this collection of information, 
including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to 
comply with a collection of information if it does not display a currently valid OMB control number. 
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE (DD-MM-YYYY) 

March 2014 
2. REPORT TYPE 

Final 
3. DATES COVERED (From - To) 

October 2012–September 2013 
4. TITLE AND SUBTITLE 

Initial Testing of a Prototype Laser Ignition Chamber 
5a. CONTRACT NUMBER 

 
5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 

Jennifer L. Gottfried, Chase A. Munson, Joe Colburn, and Richard A. Beyer 
5d. PROJECT NUMBER 

622618H80 
5e. TASK NUMBER 

 
5f. WORK UNIT NUMBER 

 
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

U.S. Army Research Laboratory 
ATTN: RDRL-WML-B 
Aberdeen Proving Ground, MD 21005-5069 

8. PERFORMING ORGANIZATION 
    REPORT NUMBER 

ARL-TR-6862 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

 
10. SPONSOR/MONITOR’S ACRONYM(S) 

 

11. SPONSOR/MONITOR'S REPORT 
      NUMBER(S) 

 
12. DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution is unlimited. 

13. SUPPLEMENTARY NOTES 

 

14. ABSTRACT 

A prototype laser ignition chamber was used to measure the pressure-time behavior of black powder ignited by a continuous-
wave laser (355 nm). The time to ignition of the black powder using the ultraviolet laser was significantly longer (seconds) than 
previous studies using near-infrared lasers (milliseconds). A linear relationship between the Mylar diaphragm thickness and the 
maximum peak pressure was observed. Differences in the behavior of the Mylar blowout disk based on the thicknesses of the 
individual sheets have also been observed. 

15. SUBJECT TERMS 

laser ignition, black powder, ultraviolet laser, fused silica, Mylar, sapphire, failure loads 

16. SECURITY CLASSIFICATION OF:   
17. LIMITATION 
OF ABSTRACT 

 
UU 

18. NUMBER 
OF PAGES 

 
26 

19a. NAME OF RESPONSIBLE PERSON 

Jennifer L. Gottfried 
a. REPORT 

Unclassified 
b. ABSTRACT 

Unclassified 
c. THIS PAGE 

Unclassified 
19b. TELEPHONE NUMBER (Include area code) 

410-278-7573 
 Standard Form 298 (Rev. 8/98) 

 Prescribed by ANSI Std. Z39.18 



 

iii 
 

Contents 

List of Figures iv 

List of Tables iv 

Acknowledgments v 

1.  Introduction 1 

2.  Experimental 2 

2.1  Chamber Design ..............................................................................................................2 

2.2  Optical Windows .............................................................................................................4 

2.2.1  Window Optical Transparency ............................................................................4 

2.2.2  Window Mechanical Strength .............................................................................5 

2.2.3  Window Selection ...............................................................................................7 

2.3  Range Procedure ..............................................................................................................7 

3.  Results 8 

4.  Conclusions 11 

5.  References 12 

List of Symbols, Abbreviations, and Acronyms 16 

Distribution List 17 
 



 

iv 
 

List of Figures 

Figure 1. Schematic of the three-piece laser ignition chamber. The pressure port is located on 
the side of the center piece. ........................................................................................................3 

Figure 2. Photographs of the laser ignition chamber, including (a) the side view with threaded 
pressure transducer port, (b) front view of optical window, and (c) rear view of blowout 
disk port. ....................................................................................................................................3 

Figure 3. Optical transmission profiles of fused silica, sapphire, and Mylar. .................................5 

Figure 4. Pressure release from the laser ignition of black powder using Mylar sheets of 
varying thickness. ......................................................................................................................9 

Figure 5. Flame-spread (ms) vs. Mylar sheet thickness (in). ...........................................................9 

Figure 6. Peak pressure vs. Mylar sheet thickness (blue diamonds: 0.003-in-thick Mylar 
sheets; red square: 0.013-in Mylar sheet). ...............................................................................10 

Figure 7. Mylar blowout sheets after laser ignition: (a) four clear 0.003-in sheets stacked 
together and (b) one white 0.013-in sheet with black powder residue. ...................................10 

 

List of Tables 

Table 1. Maximum theoretical load for several windows evaluated in this study. ..........................6 
 

 



 

 v

Acknowledgments 

The authors would like to thank Jennifer Ciezak-Jenkins for providing the ignition laser and 
Stephen Howard for providing the black powder.



 

 vi

INTENTIONALLY LEFT BLANK. 

 

 



 

 1

1. Introduction 

Laser ignition or initiation of energetic materials has been an active area of investigation for 
more than four decades based on its potential advantages over traditional ignition schemes, 
including improving system reliability and safety, simplifying the ignition train through 
elimination of the primer, and facilitating the ignition of insensitive munitions (see, e.g., 1–9). 
Methods for laser ignition include direct initiation through thermal heating (with or without 
impurities that strongly absorb laser radiation), laser-induced microplasma/spark initiation, 
photochemical ignition, and indirect initiation via laser-driven flyer plate impact or through a 
shocked thin film. 

The Laser Ignition in Guns, Howitzers, and Tanks (LIGHT) program at the U.S. Army Research 
Laboratory (ARL) began in the early 1990s (10). As part of this program, laser beam parameters, 
such as pulse width, pulse wavelength, pulse duration, pulse energy, and repetition rate, have 
been investigated for the ignition of many energetic materials, including igniter materials such as 
black powder, nitrocellulose, M44 propellant (44% nitroglycerin, 52% nitrocellulose), and 
numerous other propellants (11–34). Lasers used for these studies included Nd:glass lasers (up to 
30 J at 1.054 m with variable pulse widths from 100 s to 10 ms), Nd:YAG lasers (up to 1 J at 
1.064 m, 100-s pulse width; 10 J at 1.064 m, 5-ms pulse width; or 355 nm/266 nm with a 
10-ns pulse width), a continuous-wave (CW) CO2 laser (10.6 m, 10–100 W), and CW diode 
lasers (980 nm, 60 W or 910 nm, 100 W). It was observed that some propellants which do not 
ignite in air with certain lasers were effectively ignited when enclosed in a laser ignition 
chamber (14). 

Laser ignition is dependent on energy density rather than total energy, thus it is important to 
ensure the spatial uniformity of the laser (e.g., no hot spots that might be difficult to reproduce). 
Other considerations for the laser-material interaction include the absorption coefficient of the 
energetic material at the laser wavelength (i.e., surface reflectivity), the composition and extent 
of gas generation during combustion, the thermal diffusivity of the material, and the flame-
spread to adjacent grains or energetic crystals. 

Based on previous experiments at ARL, a modified laser ignition chamber has been designed to 
enable the measurement of pressure-time traces for new types of insensitive and nonconventional 
energetic materials currently under investigation for military applications. The results from initial 
testing of the prototype chamber with black powder are presented in this report. 

The combustion and flame-spread of black powder (a mixture of 12% sulfur, 16% charcoal, and 
72% sodium nitrate) ignited by a pulsed laser was first studied in 1976 (35), followed by 
numerous subsequent studies (10, 12, 20, 27, 30, 36–40). Black powder has been shown to be 
extremely amenable to laser ignition over a wide range of pulse energies and pulse widths (12). 
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Reliable ignition of black powder was achieved using near-infrared laser pulses with widths 
greater than 1 ms and several joules of energy. It was found that larger pulse widths resulted in 
increased ignition delays with lower ignition thresholds, while increasing the laser energy 
decreased the ignition delay; tightly focusing the laser resulted in a substantial increase in 
ignition delay times or lack of sustained combustion (10). Although most laser ignition studies 
concentrate on near-infrared laser wavelengths due to cost and portability concerns, ignition of 
black powder at a wide range of laser wavelengths is likely possible because of its broad 
absorption spectrum (41), especially compared to other energetic materials. For this experiment, 
a CW ultraviolet (UV) laser was selected to ignite the black powder based on its availability and 
portability. 

 

2. Experimental 

2.1 Chamber Design 

A schematic of the modified three-piece laser ignition chamber constructed from stainless steel 
is shown in figure 1. The first piece is designed to hold the window used to transmit the laser 
radiation. The center piece holds the energetic material in a chamber with a volume of 503 mm3 
(0.0307 in3) and contains a port for a pressure transducer. The third piece secures a polyethylene 
terephthalate (Mylar,* type A) diaphragm to the center piece. A rapid increase in pressure from 
the gasification process occurring during black powder combustion leads to rupture of the Mylar 
diaphragm; the Mylar blowout disk serves as a laboratory safety feature to prevent 
overpressurization, which could damage the pressure gauge or window. Figure 2 shows 
photographs of the assembled laser ignition chamber. 

 

                                                 
*Mylar is a registered trademark of Dupont Teijin Films for its brand of polyester film. 
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Figure 1. Schematic of the three-piece laser ignition chamber. The pressure port is 
located on the side of the center piece. 

 

Figure 2. Photographs of the laser ignition chamber, including (a) the side view with 
threaded pressure transducer port, (b) front view of optical window, and (c) 
rear view of blowout disk port. 
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2.2 Optical Windows 

Optical window selection was constrained by commercial availability—we did not want to 
pursue custom manufacturing—and our experimental requirements; specifically, optical 
windows needed to (1) be highly transparent at a wide range of laser ignition source wavelengths 
(from the UV into the infrared) and (2) possess sufficient mechanical strength to withstand 
estimated internal chamber pressures. Previous laser ignition experiments used a Mylar film for 
both a blowout disk and the optical window. Other commercially available windows under 
consideration for use in our optical cell were composed of fused silica or sapphire, 12.7 mm in 
diameter, and had varying thicknesses (sapphire, 3 mm; fused silica, 6.4 and 9.5 mm).  

2.2.1 Window Optical Transparency 

Laser radiation not transmitted through an optical window is either reflected/scattered from the 
window surface (typically a very small component) or absorbed into the material matrix. 
Absorption of laser energy into the material may produce optical damage leading to further 
reductions in transparency. In our experiments, damage to the optical windows could lead to 
insufficient energy for laser ignition within the chamber and an increase in the potential for 
misfires. 

In figure 3, we show optical transmission profiles of three potential window materials: UV-fused 
silica, sapphire, and Mylar (type A). While both fused silica and sapphire exhibit relatively high 
transmission (85%–95%) over the visible to near-infrared regions of the spectrum, fused silica 
consistently outperforms sapphire by about 10% greater transmission despite being twice as 
thick (absorbance increases with transmission path length). Type A Mylar has 0% transmission 
in the UV and significantly poorer transmission throughout the visible and infrared regions; thus, 
it was excluded from further consideration as an optical window. Windows examined in this 
work—76-m-thick Mylar, 3-mm-thick sapphire, and 6.4- and 9.5-mm-thick fused silica—are 
thinner than those used in this figure, so we can expect that their optical transparency 
performance should be similar to or better than those displayed here.
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Figure 3. Optical transmission profiles of fused silica (42), sapphire (43), and Mylar (44). 

2.2.2 Window Mechanical Strength 

To ensure that the optical test cell performed as designed (i.e., controlled vessel failure through 
the Mylar burst disk), we wished to select optical windows whose anticipated failure loads 
exceed that of the burst disk by a factor of at least 2–3. For the dynamic range we expect to 
observe, 0–4000 psi, it was anticipated that a minimum of approximately 10,000 psi is required 
to allow us to safely collect the desired data. 

Estimation of the failure loads on fused silica and sapphire optical windows was performed 
using equations developed for calculating uniform loads on flat plates (45). These equations 
make several assumptions: (1) the plate is flat, uniform, and isotropic, (2) the thickness is less 
than one-fourth the shortest transverse dimension, (3) the applied force is perpendicular to the 
plate, and (4) the plate is not stressed beyond the elastic limit.   

Not all of our commercially available windows adhere to these assumptions; specifically, the 
6.4- and 9.5-mm fused silica windows exceed the thickness-to-diameter ratio defined in 
assumption 2. For thicker specimens such as these, Roark provides theoretical expressions for 
failure loads placed on a short column structure (45). These equations are more complex, 
including terms for failure due to normal loads and bending fracture. Additionally, they require 
fitting to experimental test data, not readily available for optical materials. Because we do not 
have the required experimental data and our optical window is rigidly constrained by the cell 
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design, we have chosen to use the less rigorous flat plate formulas (45) to approximate our 
failure loads despite not meeting all the assumptions. 

Brittle fracture in a flat plate occurs when the maximum tensile stress, σmax, is equal to the 
ultimate tensile strength of the material. In a flat plate, σmax may be related to the center moment, 
MC, and plate thickness, t: 

 2max

6

t

MC  (1)  

For a simply supported plate (plate rotation and longitudinal displacement are allowed) under a 
uniform load q, the center moment MC is  
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where a is the plate radius and v is Poisson’s ratio. 

The maximum load qmax for the simply supported plate is found by rearranging equations 1 and 2: 
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For a fixed plate, where only longitudinal displacement of the plate is allowed, MC becomes 
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We evaluated our 12.7-mm-diameter sapphire and fused silica windows using equations 3 and 5.  
Values used for σmax and v were 48 MPa and 0.17 for fused silica (46) and 400 MPa and 0.30 for 
sapphire (47). Results for these optical windows are listed in table 1. 

Table 1. Maximum theoretical load for several windows evaluated in this study. 

Material  
(Thickness) 

Maximum Theoretical Load  
MPa (psi) 

Simple Supported Fixed Edge 
Sapphire  
(3 mm) 

72 (10,000) 183 (27,000) 

Fused Silica  
(6.4 mm) 

41 (5,900) 111 (16,000) 

Fused Silica  
(9.5 mm) 

90 (13,000) 244 (35,000) 
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Fixed edge attachment is never truly attained in realistic scenarios. Our optical cell design 
exceeds the constraint defined by Roark of simple support (45). Thus, we can assume simple 
supported as a minimal case with the actual sustainable loads somewhere between the simple 
supported and fixed edge cases.  

2.2.3 Window Selection 

Final material selection was based upon considerations of optical transmission and the ability to 
withstand anticipated pressures in our test cell. To maintain the desired pressure load and safety 
margin requires either the 3-mm sapphire or the 9.5-mm fused silica window. From an optical 
transmission perspective, fused silica exhibits greater optical transmission than sapphire, even at 
the greater thickness. Also considered was previous experimental evidence demonstrating a low 
damage threshold of sapphire windows toward Nd:glass laser emission (17)—a laser considered 
for use in future experiments with this experimental apparatus. Based on these considerations, 
we chose to use the 9.5-mm fused silica windows with our optical test cell.  

2.3 Range Procedure 

A 15-kpsi Kistler-type 601B1 transducer (maximum pressure without damage = 18 kpsi) with a 
dual-mode amplifier (type 5010) was used for the pressure measurements. A small amount of 
silicon grease was added to the tip of the pressure transducer to protect the sensor from heat 
damage, then the transducer was secured in the port with a mounting adaptor; a brass seal was 
used to ensure the tip of the pressure gauge did not extend into the ignition chamber. With the 
first two pieces of the chamber assembled, the ignition chamber was filled with the energetic 
material through the Mylar blowout disk port. Prior to each test shot, 270 mg of class-3 black 
powder with irregularly shaped grains (typical maximum dimensions 1.2–2.4 mm in diameter) 
was added to the laser ignition chamber. Although 270 mg was sufficient to fill the entire 
volume of the laser ignition chamber for the first test shot, subsequent loading with the same 
mass of black powder resulted in different fill volumes because of the random grain geometry. 
The final piece of the chamber was assembled after sandwiching the desired number of Mylar 
sheets between the center section and the third piece. 

The loaded ignition chamber was secured in a vice clamp in between the laser and a cardboard 
box used to catch material ejected when the Mylar diaphragm burst; a laser beam block was 
placed in the box to prevent the cardboard from catching on fire in case the laser beam passed 
completely through the ignition chamber. A second beam block was placed between the ignition 
chamber and laser to prevent accidental ignition of the black powder; this block was removed 
just prior to exiting the range in preparation for firing the laser. 

The unfocused CW laser (approximately 2 mm) was centered through the fused silica window; a 
button in a locked box outside the range was used to trigger the laser. While the button was 
depressed, the laser (Opto Engine LLC, model MPL-N-355) provided 125 mW of 355-nm light, 
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which was sufficient to ignite paper after a few seconds of exposure. For each shot, the laser was 
fired until the report from the Mylar blowout disk was heard (typically 2–7 s).  

As in previous experiments (20), a threshold of 250 psi was selected for triggering the 
oscilloscope (indicating onset of ignition). The flame-spread was measured as the time from 
250 to 700 psi. The combustion by-products were exhausted from the room prior to entering the 
range. After each shot, the ignition chamber was disassembled and thoroughly cleaned to 
remove the post-combustion residue from the fused silica window and the inside of the chamber. 
The undesirable post-combustion residue is one of the disadvantages of black powder, as noted 
in Chang et al. (27).  

The first shot was used to establish the laser pulse duration needed to ignite the black powder 
(no reaction occurred following the 1- and 5-s pulses; the Mylar burst after a sustained 7-s laser 
pulse). The pressure signal was not recorded for the first shot because of a grounding error with 
the oscilloscope. Out of a total of eight shots, two misfires occurred (no pressure rise after the 
laser was fired for 30 s). When a misfire occurred, the range was kept clear for a waiting period 
of 15 min. The black powder was then discarded, since it is known that the surfaces of laser-
irradiated propellants exhibit chemical and physical changes (48). In the case of both misfires 
during this testing, a large grain of black powder had gotten stuck on the fused silica window 
with the silicon grease used on the pressure gauge (presumably transferred during the chamber 
fill). Based on our visual observations, the laser had melted a small amount of material on the 
surface of the grain facing the window, which was insufficient to ignite the bulk material. 

 

3. Results 

A previous study on the laser ignition of less than 100 mg of black powder noted that a 0.006-in-
thick Mylar sheet resulted in a peak pressure release near 2000 psi (20). For this experiment, we 
investigated the effect of varying the Mylar diaphragm thickness on the pressure-time behavior 
of the black powder. Figure 4 presents pressure-time traces for a series of tests with varying 
Mylar sheet thicknesses. Time zero corresponds to a pressure of 250 psi when the scope was 
triggered. 
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Figure 4. Pressure release from the laser ignition of black powder using Mylar sheets of varying 

thickness. 

Although the ignition behavior of black powder is generally reproducible, random variations in 
the laser-material coupling have been observed (20). A previous study observed that the flame-
spread for black powder was approximately 0.9 ms, with no dependence on laser energy (20). 
Here, the flame-spread for the five shots varied between 1.1 and 1.7 ms (figure 5); within the 
limited data set (one shot at each Mylar thickness) there was no correlation between flame-
spread and blowout window thickness. Variations in the loading density due to the irregular 
grain size likely account for the different flame-spread times.  

 

Figure 5. Flame-spread (ms) vs. Mylar sheet thickness (in).
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For the four Mylar blowout disks consisting of one to four sheets of 0.003-in-thick (76-m-
thick) Mylar, the peak pressure was linearly related to the total Mylar thickness (figure 6). The 
single 0.013-in (330-m) Mylar sheet had a significantly higher peak pressure. Since the  
0.003-in Mylar sheets were more flexible, the 0.012-in Mylar diaphragm consisting of the 
thinner sheets was able to stretch more during the pressure rise accompanying the combustion, 
expanding the volume of the ignition chamber and decreasing the peak pressure (compared with 
the 0.013-in single piece of less flexible Mylar). Figure 7 compares the two Mylar diaphragms 
post-blowout. 

 

Figure 6. Peak pressure vs. Mylar sheet thickness (blue diamonds: 0.003-in-thick 
Mylar sheets; red square: 0.013-in Mylar sheet). 

 

 

Figure 7. Mylar blowout sheets after laser ignition: (a) four clear 0.003-in sheets stacked together and (b) one 
white 0.013-in sheet with black powder residue. 
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4. Conclusions 

Using the prototype laser ignition chamber, we were able to successfully measure the pressure-
time behavior of the ignited black powder. It was demonstrated that an unfocused CW UV laser 
can be used to ignite black powder, although the time to ignition is on the order of seconds rather 
than milliseconds (as required for gun igniter applications). In addition, the linear relationship 
between Mylar diaphragm thickness and maximum peak pressure was observed. For future 
testing, the laser ignition chamber will be used to determine the most efficient ignition source 
(e.g., laser wavelength, pulse duration) for nonconventional energetic materials currently in 
development at ARL.  

 



 

12 

5. References 

1. Brish, A. A.; Galeev, I. A.; Zaitsev, B. N.; Sbitnev, E. A.; Tatarintsev, L. V. Laser-Excited 
Detonation of Condensed Explosives. Combust., Explos., Shock Waves 1966, 2 (3), 81–82. 

2. Kessler, E. G. The Initiation of Explosives by Means of Laser Radiation; ESL-IR-248; 
Picatinny Arsenal: Dover, NJ, 1966. 

3. Harrach, R. J. Estimates on the Ignition of High-Explosives by Laser Pulses. J. Appl. Phys. 
1976, 47 (6), 2473–2482. 

4. de Yong, L.; Nguyen, T.; Waschl, J. Laser Ignition of Explosives, Pyrotechnics and 
Propellants: A Review; DSTO-TR-0068; Defence Science and Technology Organisation: 
Melbourne Victoria, Australia, 1995. 

5. Bourne, N. K. On the Laser Ignition and Initiation of Explosives. Proceedings R. Soc. 
London Ser. A 2001, 457, 2010, 1401–1426. 

6. Ali, A. N.; Son, S. F.; Asay, B. W.; Decroix, M. E.; Brewster, M. Q. High-Irradiance Laser 
Ignition of Explosives. Combust. Sci. Technol. 2003, 175 (8), 1551–1571. 

7. Walters, C. T.; Rudder, R. R.; Davis, J.; Cozzens, R.; Hankla, B.; Roybal, R.; Patterson, S.; 
Loomis, D. N. A Summary of High-Energy Laser Interaction With Energetic Materials; 
AFRL-RD-PS-TR-2008-1134; Air Force Research Laboratory: Kirtland AFB, NM, 2008. 

8. McGrane, S. D.; Moore, D. S. Continuous Wave Laser Irradiation of Explosives. 
Propellants, Explos., Pyrotech. 2011, 36 (4), 327–334. 

9. Aluker, E. D.; Krechetov, A. G.; Mitrofanov, A. Y.; Zverev, A. S.; Kuklja, M. M. 
Understanding Limits of the Thermal Mechanism of Laser Initiation of Energetic Materials. 
J. Phys. Chem. C 2012, 116 (76), 24482–24486. 

10. Barrows, A. W.; Forch, B. E.; Beyer, R. A.; Cohen, A.; Newberry, J. E. Laser Ignition in 
Guns, Howitzers and Tanks: The LIGHT Program; ARL-TR-62; U.S. Army Research 
Laboratory: Aberdeen Proving Ground, MD, 1993. 

11. Cohen, A.; Beyer, R. A. Laser Ignition of Solid Propellants: I. Ignition Delays; ARL-TR-
162; U.S. Army Research Laboratory: Aberdeen Proving Ground, MD, 1993. 

12. Barrows, A. W.; Forch, B. E.; Chang, L. M.; Howard, S. L.; Beyer, R. A.; Newberry, J. E. 
Laser Ignition Testing of Two-Piece Tank Ammunition For Advanced Tank Cannon System 
(ATACS); ARL-TR-474; U.S. Army Research Laboratory: Aberdeen Proving Ground, MD, 
1994. 



 

13 

13. Forch, B. E.; Barrows, A. W.; Beyer, R. A.; Newberry, J. E.; O'Reilly, J. J. Trends Observed 
in the Laser Ignition of Blackpowder and JA2 Propellant; ARL-TR-370; U.S. Army 
Research Laboratory: Aberdeen Proving Ground, MD, 1994. 

14. Beyer, R. A. Laser Ignition of Liquid Gun Propellant XM46; ARL-TR-1058; U.S. Army 
Research Laboratory: Aberdeen Proving Ground, MD, 1996. 

15. Beyer, R. A.; DeSpirito, J.; Reeves, G. P. Laser Ignition of Liquid Gun Propellant XM46: 
Transition From Small-Scale Laboratory Fixtures to Gun Igniters; ARL-TR-1056; U.S. 
Army Research Laboratory: Aberdeen Proving Ground, MD, 1996. 

16. Beyer, R. A.; Chang, L.-M.; Forch, B. E. Laser Ignition of Propellants in Closed Chambers; 
ARL-TR-1055; U.S. Army Research Laboratory: Aberdeen Proving Ground, MD, 1996. 

17. Beyer, R. A.; Reeves, G. P. Laser Ignition of Liquid Gun Propellant XM46: Ignition of 
Larger Volumes; ARL-TR-1292; U.S. Army Research Laboratory: Aberdeen Proving 
Ground, MD, 1997. 

18. Strakovskiy, L.; Cohen, A.; Fifer, R.; Beyer, R.; Forch, B. Laser Ignition of Propellants and 
Explosives; ARL-TR-1699; U.S. Army Research Laboratory: Aberdeen Proving Ground, 
MD, 1998. 

19. Howard, S. L.; Beyer, R. A.; Cohen, A. Direct Laser Ignition of Gun Propellants: Simulator 
Tests to Screen Candidate Propellants; ARL-TR-1715; U.S. Army Research Laboratory: 
Aberdeen Proving Ground, MD, 1998. 

20. Beyer, R. A.; Hirlinger, J. M. Laser Ignition in a Medium-Caliber Gun: A Study of Igniter 
Influence on Action Time; ARL-TR-1864; U.S. Army Research Laboratory: Aberdeen 
Proving Ground, MD, 1999. 

21. Howard, S. L.; Beyer, R. A.; Reeves, G. P. Direct Laser Ignition of Gun Propellants: 
Modular Charge Simulator Tests; ARL-TR-1873; U.S. Army Research Laboratory: 
Aberdeen Proving Ground, MD, 1999. 

22. Beyer, R. A. Laser Ignition Times of MACS Charges; ARL-TR-1939; U.S. Army Research 
Laboratory: Aberdeen Proving Ground, MD, 1999. 

23. Beyer, R. A.; Boyd, J. K.; Howard, S. L.; Reeves, G. P.; Folsom, M. Laser Ignition of 
Standard and Modified 155-mm Howitzer Charges; ARL-TR-1993; U.S. Army Research 
Laboratory: Aberdeen Proving Ground, MD, 1999. 

24. McQuaid, M. J.; Kinkennon, A. E.; Pesce-Rodriguez, R. A.; Beyer, R. A. Laser-Based 
Ignition for a Gunfire Simulator (GUFS): Thermal Transport Properties for Candidate 
Igniter Materials; ARL-TR-2033; U.S. Army Research Laboratory: Aberdeen Proving 
Ground, MD, 1999. 



 

14 

25. Cohen, A.; Beyer, R. A.; McNesby, K.; Kotlar, A. J.; Whren, A.; Newberry, J. E. Model 
Validation for High-Power Laser Ignition of JA2 Propellant; ARL-TR-2044; U.S. Army 
Research Laboratory: Aberdeen Proving Ground, MD, 1999. 

26. Juvan, K. C.; Beyer, R. A. A Study of Interaction of Laser Light With Small Drops of XM46 
Propellant and Related Liquids; ARL-TR-2053; U.S. Army Research Laboratory: Aberdeen 
Proving Ground, MD, 1999. 

27. Chang, L.-M.; Howard, S. L.; Hui, P. Y. Laser Ignitability of Some Candidate Igniter 
Materials for Black Powder Substitute; ARL-TR-2057; U.S. Army Research Laboratory: 
Aberdeen Proving Ground, MD, 1999. 

28. Beyer, R. A.; Cohen, A.; Wahlde, R. V.; Newberry, J. E. A Study of the Ignition Kinetics of 
XM46; ARL-TR-2353; U.S. Army Research Laboratory: Aberdeen Proving Ground, MD, 
2000. 

29. Beyer, R. A.; Kerwien, H. Evaluation of ALON for Cannon Window Application; ARL-TR-
2358; U.S. Army Research Laboratory: Aberdeen Proving Ground, MD, 2000. 

30. Beyer, R. A.; Reeves, G. P. Laser Ignition Thresholds for Black Powder; ARL-TR-2600; 
U.S. Army Research Laboratory: Aberdeen Proving Ground, MD, 2001. 

31. Morris, J. B.; Beyer, R. A. A Study of Window Focusing Effects on Laser Ignition for 
Medium-Caliber Systems; ARL-TR-2743; U.S. Army Research Laboratory: Aberdeen 
Proving Ground, MD, 2002. 

32. McNesby, K.; Cohen, A.; Beyer, R.; Reeves, G. P.; Burke, G.; Caravaca, E.; Hamlin, S.; 
Jones, K.; Kerwien, H.; O'Reilly, J. J.; Perazzo, C.; Tartarilla, A. Estimation of Laser 
Ignition Parameters for the Modular Artillery Charge System; ARL-TR-2752; U.S. Army 
Research Laboratory: Aberdeen Proving Ground, MD, 2002. 

33. Morris, J. B.; Beyer, R. A.; Hamlin, S. J.; Martin, J. F.; Burke, G. C. Laser Ignition 
Thresholds of Several Aluminum/Molybdenum Trioxide Metastable Intermolecular 
Composites; ARL-TR-3308; U.S. Army Research Laboratory: Aberdeen Proving Ground, 
MD, 2004. 

34. Howard, S. L.; Morris, J. B.; Beyer, R. A.; Hamlin, S. J.; Martin, J. F.; Burke, G. C.; Doris, 
T. Laser Initiation Thresholds of Selected Pyrotechnic and MIC Compounds for Medium-
Caliber Ammunition; ARL-TR-3818; U.S. Army Research Laboratory: Aberdeen Proving 
Ground, MD, 2006. 

35. Williams, F. A. Observations on Burning and Flame-Spread of Black Powder. AIAA J. 1976, 
14 (5), 637–643. 

36. Ostrowski, P. P. Laser Ignition of Solid Propellant Formulations; GC-TR-79-1036; Geo-
Centers, Inc.: Newton Upper Falls, MA, 1979. 



 

15 

37. Bowden, C. N.; Cook, G. G.; Henning, P. S. Novel Ignition Systems for Heavy Calibre 
Guns. AGARD Conference Proceedings No. 392, Interior Ballistics of Guns, Florence, Italy, 
9–11 September 1985. 

38. Lavid, M.; Gulati, S. K.; Lempert, W. R. Laser Ignition of Black Powder. Chemical and 
Physical Processes in Combustion Fall Technical Meeting, 1993; 231–234. 

39. Ahmad, S. R.; Russell, D. A. Laser Ignition of Pyrotechnics – Effects of Wavelength, 
Composition and Confinement. Propellants, Explos., Pyrotech. 2005, 30 (2), 131–139. 

40. Ahmad, S. R.; Russell, D. A. Studies into Laser Ignition of Confined Pyrotechnics. 
Propellants Explos. Pyrotech. 2008, 33 (5), 396–402. 

41. Hasue, K.; Nakahara, S.; Morimoto, J.; Yamagami, T.; Okamoto, Y.; Miyakawa, T. 
Photoacoustic-Spectroscopy of Some Energetic Materials. Propellants, Explos., Pyrotech. 
1995, 20 (4), 187–191. 

42. Thorlabs: UV Fused Silica High-Precision Windows. http://www.thorlabs.com 
/newgrouppage9.cfm?objectgroup_id=3983 (accessed 11 December 2013).  

43. Thorlabs: Sapphire Windows. http://www.thorlabs.com/newgrouppage9 
.cfm?objectgroup_id=3983 (accessed 11 December 2013).  

44. Dupont Teijin Films: Technical Information. http://usa.dupontteijinfilms.com 
/informationcenter/downloads/Optical_Properties.pdf (accessed 11 December 2013).  

45. Young, W. C.; Budynas, R. G. Flat Plates. In Roark's Formulas for Stress and Strain, 7th 
ed.; McGraw-Hill: New York, 2002. 

46. Technical Glass Products: Properties of Fused Quartz. http://www.technicalglass.com 
/technical_properties.html (accessed 11 December 2013). 

47. MolTech GmbH: Sapphire (Al2O3). http://www.mt-berlin.com/frames_cryst/descriptions 
/sapphire.htm (accessed 11 December 2013).  

48. Schroeder, M. A.; Beyer, R. A.; Cohen, A.; Fifer, R. A.; Pesce-Rodriguez, R. A. Condensed-
Phase Processes During Solid Propellant Combustion. IV. Chemical and Microscopic 
Examination of Laser-Irradiated Propellant Samples; ARL-TR-781; U.S. Army Research 
Laboratory: Aberdeen Proving Ground, MD, 1995. 

 



 

16 

List of Symbols, Abbreviations, and Acronyms 

ARL U.S. Army Research Laboratory 

CW continuous wave 

LIGHT Laser Ignition in Guns, Howitzers, and Tanks 

UV ultraviolet
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